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NMR evidence for antiferromagnetic order in a planar 3d9/3d8 nickelate
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We report 139La Nuclear Magnetic Resonance (NMR) data in La4Ni3O8 which reveals the presence
of antiferromagnetic order below TN ∼ 105 K. This compound contains two-dimensional layers of
NiO2 that are isostructural to the copper oxide planes of the high temperature superconductors. This
compound is remarkable because the average Ni valence of 1.33+ for formally 2Ni1+ + Ni2+ indicates
a 3d9/3d8 electronic configuration. Nickel oxides with Ni1+ valence are rare and unstable, yet may
provide new routes to high temperature superconductivity. La4Ni3O8, with antiferromagnetic order
of S = 1/2 Ni1+ spins, is analogous to the parent compounds of the cuprate superconductors.
Our data clearly reveal dramatic spectral changes and low energy antiferromagnetic correlations
associated with the onset of long range order below TN .
PACS numbers: 76.60.-k, 71.27.+a, 75.50.Ee, 75.47.Lx
Prior to their seminal discovery of high temperature
superconductivity, Bednorz and Mu¨ller initially focused
their search for superconductivity on the La-Ni-O system
with Ni in the 2+ /3+ valence.1 Despite intensive efforts
to find other transition metal analogs to the cuprates,
the only other systems known to exhibit superconduc-
tivity are the cobaltates and the iron oxypnictides. On
the other hand, the nickelates have the greatest poten-
tial to exhibit physics similar to the cuprates. Theoret-
ical studies show that only nickelates with Ni1+ (3d9,
S = 1/2) in a square planar coordination can form an
antiferromagnetic (AFM) insulator directly analogous to
the parent (undoped) cuprates.2 A square planar coor-
dination is required to force Ni2+(3d8) into the low spin
(S = 0) configuration, while in octahedral Cu3+(3d8) ox-
ides, the higher oxidation state and consequently larger
crystal field splitting result in a low spin state. Nickelates
with Ni1+/Ni2+ are metastable, and there are only a few
compounds with infinite NiO2 planes known to exist.
3
Here we report NMR data that reveal antiferromagnetic
order below TN= 105 K in La4Ni3O8, a two dimensional
square planar system with Ni1+/2+.4
Polycrystalline samples of La4Ni3O8 (tetragonal with
space group I4/mmm) were prepared by low temper-
ature reduction of the Ruddlesden-Popper La4Ni3O10
n = 3 phase as described in5. La4Ni3O8, shown in Fig.
1, exhibits infinite layers of NiO2 separated by LaO flu-
orite blocks, and contains both an inner and two outer
NiO2 planes. There are three Ni atoms per formula unit,
with an average valence of +1.33. It is unclear how these
charges are distributed, but a natural physical picture
is that the 3dx2−y2 orbitals of Ni
1+ ions hybridize with
the O 2p orbitals, and the resulting system is hole doped
with 0.33 holes per unit cell. In a localized picture the
holes may reside entirely on the Ni(1) in the inner plane
to create Ni2+ (3d8), leaving the two outer planes with
Ni1+ (3d9, S = 1/2). For Ni2+ with 3d8 Hund’s cou-
pling generally drives an S = 1 configuration; however
FIG. 1: (color online) The unit cell of La4Ni3O8, showing the
three sets of NiO2 planes separated by LaO fluorite blocks.
There are two La sites, with La(1) located between the NiO2
planes, and La(2) located in the LaO blocks.
for planar coordination in the absence of apical oxygens
the large crystal field splitting between the x2 − y2 and
the z2 d-orbitals forces Ni2+ into the S = 0 state.2 On
the other hand, in an itinerant picture the excess charge
may be shared among three Ni bands, and the magnetic
behavior will be driven by band structure effects.
Both scenarios predict a spin degree of freedom for
some of the Ni ions, and this prediction is borne out
by specific heat and magnetization measurements which
reveal a second order phase transition at 105 K.4 The
magnetic entropy loss associated with this transition is
consistent with both the localized picture with roughly
one-half of R ln 2 for each of the two 3d9 Ni(2) sites or
roughly one-third of R ln 2 per each Ni band in an itiner-
ant picture. The magnetization is suppressed by 15% be-
low TN. Resistivity data reveal insulating behavior with
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FIG. 2: (color online) Field-swept spectra at 25.1 MHz fixed
frequency in a random powder (upper spectrum, blue) and in
an aligned powder (middle spectrum, green). The solid black
lines are fits to the La(1) spectrum in each case. The bot-
tom spectrum (yellow) is the difference between the aligned
spectrum and the fit to the La(1) contribution, and should
represent the spectrum of the La(2).
a change of slope at TN.
4 However, the granular nature of
the polycrystalline sample may have precluded intrinsic
measurements of the resistivity. Indeed, our measure-
ments of the spin-lattice-relaxation rate suggest metallic
behavior, as discussed below.
In order to investigate the nature of the phase tran-
sition in more detail we have carried out 139La NMR
(I = 7/2) as a function of temperature. Approximately
100mg of powder were mixed with Stycast epoxy and
cured in an external field in order to align the powder and
improve the spectra resolution. Fig. 2 shows the La spec-
tra in both the random powder and the aligned samples.
Spectra were obtained by integrating the spin echo inten-
sity as a function of applied magnetic field, H0, at fixed
frequency. There are clear differences, with well resolved
satellites in the aligned spectrum. These spectra indicate
successful alignment and suggest that the magnetic sus-
ceptibility is highly anisotropic, with χc/χab ∼ 5 − 10.
The aligned spectrum reveals two distinct La sites, con-
sistent with the structure, with La(1) located between
the NiO2 planes and La(2) located in the LaO fluorite
blocks (Fig. 1). Both sites have axial symmetry and the
La nuclei are sensitive to the local electric field gradient
(EFG). The resonances are determined from the nuclear
Hamiltonian: H = γ~H0 · (1+K) · Iˆ+(hνQ/6)(3Iˆ2c − Iˆ2),
where γ is the gyromagnetic ratio, K is the Knight
shift, νQ = 3eQVcc/2I(2I − 1)h is the quadrupolar fre-
quency, e is the electron charge, Q is the quadrupolar
moment, and Vcc is the component of the EFG tensor
corresponding to the tetragonal c axis of the unit cell.6
For an applied field along the c direction and fixed fre-
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FIG. 3: (color online) Field-swept spectra at 25.1 MHz fixed
frequency in an aligned powder of La4Ni3O8. The positions
of the various satellite transitions for each site are indicated,
and the solid black arrows at the 60K spectrum indicate the
positions of the peaks plotted in Fig. 4.
quency f , the resonance fields for each site are given by:
Hn = f/γ(1 +K) + nνQ/γ, where n = −3, · · ·+ 3. The
solid lines in Fig. 2 are fits with νQ = 1.35(5) MHz, tenta-
tively labeled as the A site. The lower spectrum (yellow)
shows the difference between the data and the fit and
correspond to the other La site (the B site). The satel-
lites are poorly resolved, but we estimate νQ ∼ 20(10)
kHz. Calculations of the EFG using Wien2K code in
the paramagnetic state give Vcc(1) = −3.33× 1021 V/m2
(νQ(1) = 0.5 MHz) and Vcc(2) = −0.15 × 1021 V/m2
(νQ(2) = 20 kHz) for the La(1) and La(2) sites, respec-
tively. We thus assign the A site to La(1) and the B site
to La(2).
Figure 3 shows the full La spectrum in the aligned sam-
ple as a function of temperature. Below the phase tran-
sition the La(1) spectrum is washed out by the presence
of a broad distribution of static hyperfine fields, whereas
the La(2) resonance remains visible. The powder nature
of the sample coupled with the small value of the La(2)
EFG renders the La(2) spectrum nearly featureless, but
we can identify two sub-peaks in the spectrum which de-
velop a significant temperature dependence below 105 K
(see arrows in Fig. 3). We find an internal field on the
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FIG. 4: (color online) Positions of the upper and lower sub-
peaks in the La spectrum, as indicated by the arrows in Fig.
3. The solid lines are fits as described in the text.
order of 200 Oe develops at the La(2) site (see Fig. 4).
This internal field arises from the non-cancelation of the
transferred hyperfine fields at the La(2) site from ordered
Ni moments, and is thus a direct measure of the order
parameter of this system. Similar behavior was observed
in powder spectra of LaFeAsO below TN.
7 The order de-
velops with a second-order temperature dependence that
is well fit by the expression M(T )/M0 = (1 − (T/TN)β
with β = 0.25. This value of β is less than the mean field
value of 1/2, and may be related to the two-dimensional
nature of the NiO2 planes. A similar field develops at
the La(1) site, but since the hyperfine fields are much
larger in the La(1) case the spectrum is broadened con-
siderably. It is difficult to extract information about the
magnetic structure in this case, but the broad nature of
the La(1) spectrum suggest an incommensurate wavevec-
tor. Indeed, density functional (DFT) calculations indi-
cate a spin density wave (SDW) with ordering wavevec-
tor Q = (pi/3a, pi/3a, 0), although direct neutron scat-
tering measurements show no ordering at this particular
wavevector.4
In order to understand the magnetic order and the an-
tiferromagnetic fluctuations it is important to consider
the hyperfine coupling to the two La sites. To lowest
order we can assume isotropic transferred hyperfine cou-
pling to each of the nearest neighbor Ni sites. La(1) is
located symmetrically between 4 nearest neighbor Ni(1)
spins (inner plane) and 4 nearest neighbor Ni(2) spins
(outer plane). La(2) is located symmetrically between
four nearest neighbor Ni(2) spins. For staggered anti-
ferromagnetic order, Q = (pi/a, pi/a), as in the parent
compounds of the high-Tc cuprates, the hyperfine field
will vanish by symmetry at both La sites. However, for
Q = (pi/3a, pi/3a, 0) ordering, there are multiple La(1)
and La(2) sites with different hyperfine fields. This dis-
tribution of hyperfine fields gives rise to the broad spec-
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FIG. 5: (color online) (T1T )
−1 versus temperature at the
La(1) site (blue ) and La(2) site (red •). Solid lines are fits as
described in the text, with a = 0, b = 6.0(1) sec−1 and T0 = 0
for La(1) and a = 0.0045(4) sec−1 K−1, b = 1.46(7) sec−1 and
T0 = 0 for La(2). THe dotted line is a fit to the 2D Heisen-
berg expression as discussed in the text with J = 129(5) K.
INSET: (T1T )AF = T1T −a
−1 versus temperature. Solid lines
are guides to the eye.
tra observed in Fig. 3, and fluctuations of these fields in
the paramagnetic state will contribute to the spin-lattice-
relaxation rate.
In order to characterize the dynamics of the phase tran-
sition we have measured the spin-lattice-relaxation rate,
T−11 , at both sites (see Fig. 5). T
−1
1 was measured by
inversion recovery, and fitting the magnetization to the
expression to the standard expression for I = 7/2. For
the La(1) site T−11 was measured at the first satellite
transition (−3/2 ↔ −1/2) at 44kOe (see Fig. 3), and
for the La(2) T−11 was measured at the central peak. Be-
cause of spectral overlap at the La(2) it is likely that
several of the La(2) satellites as well as part of the La(1)
central transition were also inverted and thus the T−11
data is not purely the La(2). Nevertheless both sites ex-
hibit strong temperature dependences, and dramatic re-
ductions at TN, which clearly establishes this phase tran-
sition as intrinsic.
The strong temperature dependence above TN reveals
the presence of critical fluctuations up to 300 K. T−11 is
given by:
1
T1T
= γ2kB lim
ω→0
∑
q,β
F 2β (q)
χ′′β(q, ω)
~ω
, (1)
where the form factor F (q) is the Fourier transform of
the hyperfine coupling and χ′′β(q, ω) is the dynamical
susceptibility8. The enhanced value of T−11 at the La(1)
site suggests a larger form factor than at the La(2), con-
sistent with the fact that La(1) is closer5 and hence more
strongly coupled to the Ni spin fluctuations. Surprisingly,
4(T1T )
−1 does not appear to diverge at TN , as expected
for a second order phase transition in 3D. The solid line
in Fig. 5 is a fit to (T1T )
−1 = a+ b/(T − T0) above TN,
where the first term represents a Korringa contribution
from spin-spin scattering with quasiparticles at the Fermi
surface, and the second term represents the contribution
from 2D antiferromagnetic spin fluctuations.8,9 We find
that T0 = 0 fits the data best, suggesting that the antifer-
romagnetic spin fluctuations are truly 2D, and would not
be expected to exhibit long range order at finite T .10 The
dotted line shows a fit to (T1T )
−1 = a+b
√
xe1/x/(1+x)3
with x = T/1.13J , as expected for a 2D Heisenberg an-
tiferromagnet with S = 1/2 with J = 129(5) K.11 Both
expressions fit the data well, and suggest that the spin
fluctuations are analogous to the high temperature super-
conducting cuprates. In the cuprates antiferromagnetic
correlations of Cu spins in 2D CuO2 planes are present
up to high temperatures (J ∼ 1500 K), and long range
antiferromagnetic ordering is driven by a small interpla-
nar exchange J⊥ ∼ 10−5J at TN ∼ 300K. In the case of
La4Ni3O8 our data are consistent with J ∼ 130 K, and
the layered structure could give rise to strong anisotropy
in the antiferromagnetic exchange coupling. Indeed, the
separation between NiO2 planes in the tri-layers (across
the fluorite blocks) is approximately twice the separation
between NiO2 planes within the tri-layers. Furthermore,
the tri-layers are shifted by (a/2, a/2), frustrating the
antiferromagnetic interactions along the c direction.
Thus a plausible scenario might be that Ni(2) spins
with S = 1/2 are coupled within plane and weakly cou-
pled between planes, whereas the Ni(1) site remains inac-
tive with S = 0. However, the large entropy released at
the ordering temperature is inconsistent with a picture of
strongly anisotropic 2D spin fluctuations, in which only a
fraction of R log 2 is released at TN.
12 Alternative expla-
nations may be (i) the transition is first-order and hence
there are no divergent critical fluctuations, or (ii) the en-
tropy is not associated with the Ni spins but rather is
associated with the orbitals occupied by the 3d8 Ni(1)
inner planes. Case (i) can be ruled out because low tem-
perature neutron diffraction reveals no structural changes
and the behavior of the internal field is continuous (Fig.
4).4 For case (ii), the entropy could be associated with
nearly degenerate orbitals of the Ni(1) electrons that be-
come ordered along with the Ni(2) spins in a cooperative
fashion at TN. This scenario would require, however, that
the S = 1 state of the Ni(2) lie close in energy to the
S = 0 state, and there is no evidence of S = 1 states in
the magnetic susceptibility.
Yet another possibility is that the doped holes are itin-
erant, and there is little difference between the Ni(1)
and Ni(2) electronic configurations. As seen in Fig. 5,
(T1T )
−1 is approximately constant both at high tem-
perature and at low temperature T ≪ TN . This re-
sult indicates that La4Ni3O8 is indeed a Fermi liquid
for sufficiently high temperatures and that only a por-
tion of the density of states is gapped by the SDW order.
This observation is at odds with the insulating behav-
ior of the resistivity; however due to the metastability
of La4Ni3O8, (the sample decomposes at T > 350
◦ C),
transport measurements can only be performed on poly-
crystalline pressed pellets where poor inter-grain electri-
cal contacts are expected. In fact density functional the-
ory calculations indicate that La4Ni3O8 is metallic, with
three Fermi surfaces, one of which is strongly nested.4
Thus it is likely that two Fermi surfaces remain un-
gapped below TN and contribute to Korringa relaxation
at the two La sites. On the other hand, for a second
order SDW transition critical fluctuations should domi-
nate T−11 above TN, in contrast to our observations. We
expect, therefore, that the true physical picture may rep-
resent a more complex superposition of both local and
itinerant character of holes.
In conclusion, we have measured La NMR at both La
sites in La4Ni3O8 and found the presence of long range
antiferromagnetic order. T−11 measurements strongly
suggest 2D antiferromagnetic fluctuations of Ni moments,
with long range order developing due to the presence of
a small interplanar coupling. This 2D layered system of
S = 1/2 Ni spins is therefore analogous to the parent
antiferromagnetic state of the high temperature super-
conductors and potentially represents a novel route to Ni
based superconductivity upon doping. There are impor-
tant differences however, as the parent cuprate is a half-
filled Mott insulator, whereas La4Ni3O8 is hole doped
and possesses a Fermi surface. Studies directed at prob-
ing the differences between the inner and outer plane Ni
valences will undoubtedly shed important new light on
the magnetism of this and other transition metal oxide
systems.
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